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FOREWARD

“The subj ect pro%ranlmas funded through the Maritine Adm nis-
tration’s National Shipbuilding Research Program The program
was adm ni stered by John Peart of Avondal e Shi pyards. Tﬁe Pead
engi neer on the programwas G A Gehring, Jr. of the Ccean City
Research Corp. Al of the testing referenced in this report was
conducted at the Ccean Gty Research Corp. laboratory in Ccean
Cty, New Jersey.

The program had two principal objectives. The first was to
determne the rate at which a proprietary coating (Copperl ok)
woul d corrode in seawater flowing a 30 feet per second (=18
knots); the second was to determne the effect of the CprerIok
coating on corrosion of the steel substrate exposed at faults in
t he Copperl ok coating, both with and wi thout the Copperl ok coat -
ing short circuited to the steel substrate.



EXECUTI VE SUMVARY

Fuel costs are now a major econom c factor in the operation
of all types of cargo ships. Fuel costs are recognized to
account for no less than 50% of the total costs for operating a
ship. Mrine fouling of a ship’s hull can significantly increase

fuel consunption. iti-fouling paints control fouling but, in
eneral, their effectiveness decreases with time and re-painting
econes necessary, introducing another cost factor. These fac-

tors produce an incentive for the inprovement of present anti-
fouling paints and for the devel opnent of new and innovative
coating systemns.

Copperl ok is one such innovative coating. The working part
of the Copperlok system conprises a netallic, copper alloy coat-
ing applied by proprietary nmethods. The devel opers "of the system
recogni zed that the copper alloy would cause severe corrosion of
steel hull if applied directly to it. Therefore, an insulating
"tie coat" was developed that 1s applied to the hull prior to the
application of the copper alloy topcoat.

The testing described in this report was conducted in the
Ocean City Research Corporation seawater flow channel. Tests
were conducted at a seawater velocity of 30 fps over a 63-day
period using test panels supplied by Copperlok. The test results
showed the corrosion/erosion rate of the coating to be about two
roils per year at the conpletion of the 63-day period. The
Copperl ok had no significant effect on the rate at which the
underlying steel corroded at intentional coating faults when
there was no netallic electrical connection between the Copperl ok
and the steel. \Wen there was an electrical connection between
t he copper coating and steel, the steel corroded at a very rapid
rate. The followi ng report describes the tests that were conduc-
ted and presents an analysis of the results.
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TECHNI CAL APPROACH

Cener al

Table 1 presents the general test plan that was foll owed.
The original plan called for testing of two copper alloy coat-
ings, CDA 706 and CDA 722. The coating applicator (Copperl ok)
was unable to obtain the CDA 722 alloy, so only a single alloy,
CDA 706 was included in the tests.

TABLE 1 .
TEST SCHEME
0 Test Apparat us OCRC Fl ow Channel
0 Test Velocity 30 fps (18 knots)
0 Test Duration 63 Days
0 Test Environnent Nat ural Seawat er
0 Test Panel s 5 Test Panels As Fol | ows

(1) Steel/lnsulati n%. Ti e-
coat/CDA 706 Cu-N Both Sides.

_i__Z) & (3) Steel/lnsulating
| e-Coat/ CDA 706 Cu-Ni, One
Side As-Applied, The O her
Side Wth A 1/2" D aneter
Hol i day Centered On The Face
O The Panel .

(4) & (5) Steel/lnsulating
Tie-Coat/CDA 706 Cu-Ni, One
Side As-Applied, The O her
Side Wth N ne 1/16" D aneter

Hol i days On 2" Horizontal
Centers, 1" Vertical Centers.

FI ow Channel

The OCRC fl ow channel is designed for corrosion/erosion
studies, cavitation studies, and coating evaluations in natural
seawat er . The channel is capable of producing seawater vel oci -
ties approaching 50 knots under realistic hydrodynam c condi -
tions. The channel can accommodate a range of test specinen
sizes fromrelatively small specinens to |arge test planks (1 x
10'). A doubl e-suction centrifugal punp powered by a 100 horse-
ower notor circulates natural seawater through the channel at a
| ow rate exceeding 5,000 gallons per mnute. The test portion of
the channel has a rectangular cross-section. The channel width
can be varied as required, thus producing the seawater velocity
desired within the attainable range. Test speci mens can be



fixtured in a slot along the centerline of the channel or
integrally fitted in recesses machined in the sidewalls.

The channel is fabricated fromtwo 8-inch steel channels
bolted to |/2-inch steel plate. Internally, the channel is lined
with |/2-inch acrylic plate and its renovable top Iid is |-inch
thick acrylic. This arrangenent insures that the seawater does
not contact the steel channel nenbers. The channel design per-
mts acquisition of electrochem cal data by providing access for
el ectrical connections to all test panels. The data so gathered
provi des an accurate neasure of the rate at which the panels
corrode during the course of testing.

The flow channel section that provides a 39 fps velocity was
selected for the test described in this report. This velocity
was ;elected since it is in the realistic range of typical ship
speeds.

Test Panel Configuration

The internal vertical height of the channel section selected
for the test is 7 inches with |/2-inch w de grooves, |/2-inch
deep, top and bottom on the horizontal center line. The groove
is 58 inches long. The test panels were fabricated from steel
plates (7-7/8" x 9-7/8" x 3/8" thick) wth a total coating on al
surfaces of approximately |/16-inch wall thickness. The panel
faces exposed to the flow ng seawater were 7 inches x 10 inches.
The panels therefore occupied 50 inches of the test section
groove. A I/2-inch thick’ nose piece was inserted ahead of the
test panels to prevent seawater inpingenment directly upon the
| eadi ng edge of the first test panel. The top edge of each panel
was drilled and tﬁpped at two locations. An 8-32 nachine screw
was used at each of these |ocations for the attachnment of copper
wre test leads. Two other test |eads were soldered to the
copper alloy coating of each test panel. The connections were
epoxy coated to prevent contact between the conductor and sea-
water. The insulated copper wires were brought to the exterior
of the flow channel through Oring lid gaskets. As noted in
i ntentional holidays were drilled through both the
copper alloy coating and the tie coat on certain panels, exposing
the underlying steel panel.

Corrosi on Rate Measurenents

Two types of corrosion rate nmeasurenments were made during
the course of the tests. Pol ari zation resistance neasurenents,
as described in Appendrx—t;Jwere used to determne, individually,
the rate at which copper alloy coating corroded and the rate at
whi ch the steel substrate corroded at the intentional holidays
(with no electrical short circuit between the copper alloy coat-
Ing and steel substrate).

The second &%pe of nmeasurenent concerned the determnation
of the rate at I ch the steel substrate corroded at coating
hol i days with the copper alloy coating short circuited to the



copper alloy coating. Two methods were used. One nethod invol -
ved the neasurenent of the cathodic polarization characteristics
of the copper alloy coating and the anodic polarization charac-
teristics of the steel substrate. The naxi mum corrosion current
that would flow under short circuit condition is the value deter-
m ned by the intersection of the two polarization curves. The
second net hod invol ved direct neasurenent of the gal vanic corro-
sion current by connecting |eads fromthe copper alloy coating
and the steel panel through a zero resistance ammeter with a
recorder output. The corrosion current values were recorded over
a sufficient period so that reasonable stability was obtained.

Physi cal Measurenent of Coating Thi ckness

There was no practical non-destructive way to neasure,
physically, the original thickness of the copper alloy coating.
After conpletion of the tests, a Tooke gage was used to obtain a
repnesentative nunber of coating thickness neasurenents on each
panel .



RESULTS

Gener al

[Figures 1|through 5 show the appearance of each of the test
anels after the conpletion of 63 days’ exposure in the seawater
| ow channel. Figure 1 is a photo of the panel with no holidays.

Figures 2 and 3 show the panels with |/16-1nch dianmeter holidays.

As apparent in_Figure 3, ]| the coating was removed in the vicinity
of one of the holidays to determine if there was underfilm
di sbandnent and/or accelerated corrosion of the substrate where
it was exposed to the seawater. Neither significant di shandnent

nor corrosion was observed.

[Figures 4 Jand b Jshow the panels with |/2-inch dianeter
hol i days. € panel Tn Figure 5 was used for evaluating corro-

sion caused by short circuiting of the copper alloy coating with
the steel substrate. The corrosion products heavily stained the
copper alloy coating. The vertical staining occurred during the
peri ods when the seawater was quiescent (i.e. when the main
circulating punp was shut down to backwash upstream filters).
This was about one hour of each day. The depth of corrosion
measured on the substrate of the panel shown in[Fi I's about
3to5roils. This represents "an annual corrosi bet ween
18 and 30 roils. This range is not inconsistent with what woul d
be expected for steel in seawater flow ng at 30 feet per second.
The sanpl e shown in Fi whi ch was short circuited about 10
days, has substrate c approaching 110 roils.

~ Prior to exposure, the copper alloy coating of all panels
exhibited a rather rough surface. The roughness seemed unchanged
when the panels were inspected after conpletion of the test run.

Corrosion Rate - Copper Alloy Coating

Figure 6 shows corrosion rates determned at different tines
durimgthetest run. These rates are calculated form pol arization
resi stance neasurements as described in [Appendix I.] Al plotted
val ues are the average of two successive polarization resistance
measurements. The initial value, ten days into the test run, is
16 roils/year. The final value, after 63 days’ exposure, s 1.69
roils/year.

Coating Thi ckness Measurenents

Coati ng thickness neasurenents after the conclusion of the
test run did not yield quantitative results. The surface rough-
ness of the coating was significant conpared to the mean coating
thickness. In general, the thickness ranged from2 to 5 mls.
There were many places where the coating residue did not have a
nmetal | i c-appearing surface after being cut by the Tooke gage.
The coating at these |ocations appeared to be conprised of only
copper corrosion products.



Corrosion Rate At Coating Holiday, Copperlok Shorted To Stee

‘The majority of the data investigating this aspect were
acquired on one of the panels with a |I/2-inch holiday. The
initial evaluation of the probable severity of such corrosion was
made by neasuring the potential difference between the copper
alloy coating and the steel substrate. This value was approx-
imately 0.4 volt. The internal resistance between the cogﬁer
all oy coating and the steel substrate was then neasured. 'S
value was found to be 71 ohns. The initial value of current that
would flow if the two were short-circuited would be the open-
circuit potential, 0.4 volts, divided by the internal resistance,
71 ohms. This gives a calculated value of 5.6 mllianps. The .
surface area of the I/2-inch dianmeter holiday is 0.00136 square
feet. This calculated corrosion current is an exceptionally high
val ue, indicating an initial corrosion rate of 2.22 inches per
year.  Under nost circunstances this value would be expected to
decrease with tine because of the polarization characteristics of
the anodi c and/or cathodic surfaces.

In order to evaluate this possibility, we conducted further
tests to determne the anodic polarization characteristics of the
steel substrate at the holiday and the cathodic pol arization
characteristics of the copper alloy coating. shovvs t he
plots of the anodic polarization curve for the steel at the |/2-

I nch holiday and the cathodic polarization curve for the copper
alloy coating of one of the test panels. The cathodic curve for

the copper alloy is typical. The anodic curve for the stee
shows an unusual behavior, becom ng unstable at values about 1.5
mlliamps (1.1 anps/sqgft). Supplenmentary neasurenents showed

that the resistance of the exposed netal to its environnment also
gecane unstabl e above this range, indicating surface film break-
own.

In order to clarify the situation, the actual short-circuit
current flow for this panel was neasured, as a function of
el apsed tineg, bK using a potentiostat to hold the voltage differ-
ence between the copper alloy and the steel substrate to zero
while recording the value of current required to acconplish this.
The current value stabilized very rapidly at approximtely 3
mllianps. This is a current density of about 2.2 anps/sqft
whi ch corrodes steel at a rate of about one inch/year.



CONCLUSI ONS

The Cbpperlok coatln? as applied and tested in this
pro%ran] wi |l not accelerate corr05|on of a steel substrate

ol i days. An exception m ght be turbul ence-induced
corrosion caused by a sharp edge or step at the |eading edge
of the holiday.

The Copperlok coating wll cause extrenely rapid corrosion
of the steel substrate at coating holidays if the copper
alloy coating is short-circuited to the steel substrate.

The long-term corrosion rate of the copper alloy coating
will approximate 1.5-2.0 roils per year when the ship speed

s about 18 knots. Hi gher corrosion rates would be expected
at higher speeds, |lower corrosion rates at |ower speeds.

There seened to be no significant change of surface rough-
ness of the copper alloy coating between the begining and
end of the 63-day test.
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Appendi x |

The Use O El ectrochem cal Pol arization Techni ques

To Measure Corrosion Rates

Advances in electrochemstry in recent years have
evol ved test techniques that overcone sone of the limtations of
sinmpl e weight |oss neasurenents. Several techniques utilizing
el ectrochem cal measurenents are now available to determne the

corrosion rate of a metal exposed to a corrosive electrolyte.

Wien a netal is in a state of reversible equilibrium
with a solution of its ions, sinultaneous oxidation and reduction
reactions are taking place with no net change in the weight of
the nmetal electrode or the concentration of ions. The rate of
oxi dation and reduction taking place can be expressed in terns of

Faraday’'s Law

(1) Tox = fregq = 1o/DF

where, i, is called the exchange current. Si nce oxi dation
current and reduction current have opposite polarities, at equi-

[ibriumthere is no net current.

13



Wien the equilibrium of an electrode reaction is
di sturbed, there is a change in the potential of the electrode
when neasured against a stable reference. The difference between
the equilibriumpotential and the potential under the new condi -
tions is called polarization and is usually designated by the

Greek letter Eta,n. Mthematically:

wher e, Eeq Is the potential at equilibriumand E is the potential
under the new conditions. Disturbance of the equilibrium con-
dition alters the exchange current balance and results in a net
current flow, either oxidation or reduction, which is represen-
tative of the net rate of reaction. Polarization, therefore,
results fromany situation involving a net current flow to or

from an el ectrode surface.

A netal undergoing corrosion involves two reactions,
one at the cathode and one at the anode. Because of the current
fl ow between |ocal cathodes and anodes, a corroding neta
pol ari zes toward a comon potential, E,. The behavi or of the
corroding netal is studied by application of an external current.
A neasured and externally controlled source of direct current is
connected between the corroding netal and a counter el ectrode.
The change in potential (polarization) of the corroding netal is
then determned as a function of the externally applied current,

ei ther anodic or cathodic.

14



The "linear" polarization technique for determning corro-
sion rates involves polarizing a test specimen ¥ 29 millivolts
from the corrosion potential and neasuring the currents asso-
ciated with this partial polarization curve. Early researchers
(1) thought that a linear relation existed between current and
potential. They hypothesized that the slope of this "linear"
pol ari zation curve was inversely proportional to the corrosion

rate according to the follow ng expression:

(3) AE 1 x Bax6Bcx 1

AT 2.3 By + B¢ I

where, I, = corrosion current density

B, = Anodic Tafel Slope

gc = Cathodic Tafel Slope

AI = |npressed Current Density

AE = Pol arization caused by inpressed current when
AE <20m I livolts

The corrosion rate is a linear function of | according

to Faraday’'s Law

corrosion rate = ki

C

15



where, k = electrochem cal equivalent for specific netal
p =density of specific

Wrk by Mansfeld (2), however, denonstrated that there
was no theoretical justification for polarization curves to be
linear at or within £ 2p millivolts of the corrosion potential.
He showed, in fact, that non-linearity is severe in nany cases.
This does not void, however, this polarization technique for
determning corrosion rates. Mansfel d showed that wth sone
modification of data analysis, polarization curves within X 2g
mllivolts of the corrosion potential can still be used as a
basis for accurately calculating corrosion rates. The nodifica-
tions include determination of% @ I = ¢ and application of
curve fitting techniques to nore precisely determne Pa and Pc.

The fornula hypot hesi zed by Stern is then shown to be valid.

1. Stern and A.L. Geary, "Electrochemni cal polarization - part
", Jnl. Electrochem Sot., 104, (1957).

2. Mansfeld, "Electrochem cal Background of the Polarization
Resi stance Techni que", Corrosion, 29, (1973).

16
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